In this review, we will focus on recent advances for imaging the anterior segment of the eye using ultra-high resolution OCT (UHR-OCT) with resolution below 5 µm. Researchers including our group and companies have developed UHR-OCT devices that can image the anterior segment of the eye in a rapid and patientfriendly way, with a novel resolution of 1 to 3 µm. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] In this review, we will provide a summary of our results and other published studies using this technology and its unique applications in clinical and basic scientific laboratory research use. We will discuss how the UHR-OCT was used for imaging the tear dynamics, 20, 26, 27 contact lens interactions with the corneal surface, 26 and in vivo histological diagnosis of disorders of the cornea. 28 This will also include personal experiences based on unpublished data using UHR-OCT. Finally, we will briefly discuss future directions in this field.
Although we understand that other published works have reviewed the use of OCT to study the anterior segment, these have mainly covered time-domain OCT instruments and high-resolution spectral-domain OCT (SD-OCT). 15, [29] [30] [31] [32] It is important to mention that, simultaneous with the development of UHR-OCT for imaging the anterior segment, extended scan depth OCT has been developed also for imaging the anterior segment, including the anterior chamber and crystalline lens. [33] [34] [35] However, the extended scan depth OCT is not within the scope of this summary. This review is focused on the latest clinical applications in anterior segment imaging with UHR-OCT and provides the most recent update in the use of a novel and "futuristic" way to image this part of the eye to add useful information to the field.
uHR-oCT TECHniQuE
The first generation of OCT for imaging the anterior segment was the time-domain OCT (TD-OCT). It had approximately 10-to 18-µm resolution and 2K A-scans per second. The center wavelength was 1,310 nm in the Visante, 36 the SL-OCT (Heidelberg Engineering, Heidelberg, Germany), 37 and other prototypes. [38] [39] [40] In addition, modified retinal TD-OCT instruments, such as the Stratus (Carl Zeiss Meditec, Inc.), also were used to image the anterior segment. 29, 41 With TD-OCT, the speed was low and resolution was not very high, although the scan depth and width with some of the instruments were enough to cover the entire anterior segment. 2, 14 With the recent advances in SD-OCT, which has a resolution of approximately 5 µm, commercially available instruments for retinal scanning could also be used to scan the anterior segment. 31 These included the Cirrus (Carl Zeiss Meditec, Inc.), RTVue (Optovue, Meridianville, AL), Spectralis (Heidelberg Engineering, Dossenheim, Germany), 3D OCT (Topcon Medical Systems, Oakland, NJ), and Bioptigen SD-OCT (Bioptigen Inc., Research Triangle Park, NC) and others 31, 42, 43 for imaging human eyes. The scan width of approximately 3 to 6 mm for imaging the anterior segment limited some applications that demanded a wide scan width, such as imaging the upper and lower tear menisci simultaneously. 20 The development of UHR-OCT has significantly improved anterior segment imaging capabilities. [16] [17] [18] [19] In 2001, Drexler et al. reported an image of a normal human eye using approximately 2-µm axial resolution TD-OCT. 18 This may be the first demonstration for imaging the Bowman's layer with UHR-OCT. 18 In 2004, Drexler reported 1-µm axial resolution OCT for imaging the cornea in vitro. 17 In 2007, Christopoulos et al. reported the use of corneal UHR-OCT for imaging tear film, corneal epithelium, Descemet membrane, and the endothelium. 19 In this report, the trauma with epithelial ingrowth by LASIK has been visualized clearly. 19 By using a light source with a broad bandwidth of more than 100 nm, ultra-high resolution is achieved with a specifically designed spectrometer that detects the fringes collected from both reference and sample arms. 7, 19, 20, [22] [23] [24] 26, 28, [44] [45] [46] [47] With a charge-coupled device line scan camera in the spectrometer, the speed ranges normally from 24K to 26K A-scans per second. 7, 22, 23 With a complementary metal-oxide-semiconductor line scan camera or ultra-high speed swept source, the speed can be much higher. 25, 48, 49, 50 Axial resolution is 2 to 4 µm in these UHR-OCT instruments. 7, 20, 24, 26, 28, [44] [45] [46] [47] Although some instruments have scan widths of approximately 5 mm, 24 others have wider scan widths of up to 12 mm. 20 Apparently, there are two commercially available UHR-OCT devices, including the Bioptigen SD-OCT 22, 23 and Copernicus HR SOCT (Optopol Technology SA, Zawiercie, Poland). 24 With these commercial and prototype UHR-OCT instruments, the tear film, 20, 26 tear meniscus, 20 contact lens, 20, 24, 26, 45, 46 and corneal layers 28, [51] [52] [53] can be im-
aged, and the axial resolution is sufficient for clear visualization of structures of interest ( Fig. 1 ). Optical distortion of the OCT images needs to be corrected before the measurement is taken. 54 However, we cited these published and unpublished images, which are not optically corrected. The image correction has been reported in the literature 54, 55 and the same procedure can be applied to these OCT images obtained with UHR-OCT. The topic of image correction is not within the scope of this review.
TEAR FiLM And TEAR MEniSCuS
TD-OCT and SD-OCT have been used to image the tear film and tear meniscus. [56] [57] [58] [59] [60] One of the applications using UHR-OCT is to image the tear film and tear meniscus. 19, 20, 26 Wang et al. reported that the post-lens tear film (PoLTF) on the cornea could be directly visualized using UHR-OCT. 20 The continuous exchange of the tear film on and underneath the lens is needed for maintaining the physiology and health of the ocular surface. 20 Thus, quantifying the dynamic changes of the pre-lens tear film (PLTF) and PoLTF thicknesses during contact lens wear is important in understanding the etiology of dry eye associated with contact lens wear.
The thicknesses of the PLTF and PoLTF have previously been measured and reported by using various methodologies, such as interferometry, confocal microscopy, and TD-OCT technology. [60] [61] [62] [63] [64] [65] [66] [67] However, none of these methods can quickly acquire ultra-high resolution cross-sectional images of the anterior segment of the eye, including the clear cornea, contact lens, and tear film between them. The ability to image these is essential to precisely measure the thickness of the PLTF and PoLTF. UHR-OCT made it possible to directly visualize and calculate the tear film as long as it is thicker than 3 µm. 20, 26 In a previous study, 26 dynamic changes of the PLTF and PoLTF after instillation of artificial tears were investigated using UHR-OCT. Thicknesses less than 3 µm were determined by indirect calculation. The PLTF and PoLTF were visualized immediately after lens insertion. After 3 minutes, the PLTF and PoLTF were invisible in almost all of the subjects. 26 To understand the dynamic changes of the PoLTF during lens wear, artificial tears were added on the concave surface of the lens and then the lens was inserted onto the eye (Fig. 2) . 26 The added tears were maintained in the post-lens for only several minutes during blinking and lens movement.
Using UHR-OCT, both upper and lower tear menisci can be imaged for tracking the tear meniscus volume (Fig. 3) . 20 The tear meniscus changes with punctal occlusion. It is an effective treatment for dry eye disease and dryness associated with contact lens wear, [68] [69] [70] and the improvement of tear volume in patients with dry eye after this procedure was documented using SD-OCT. 71 Chen et al. found that the tear menisci recovered to near normal levels at 1 day after punctal occlusion in patients with dry eye, and no changes were evident in the tear menisci of normal subjects. 71 They also used SD-OCT to compare the effect of upper punctal occlusion and lower punctal occlusion on tear menisci in patients with dry eye. 72 In a recent study (unpublished data), Li et al. used UHR-OCT to determine the changes in tear menisci after punctal occlusion in contact lens wearers. They found punctal occlusion transiently increased tear menisci in contact lens wearers, some of whom had selfreported dry eyes and some of whom were asymptomatic. The increase remained for a longer time in the symptomatic group. The increased meniscus volume was associated with improved ocular comfort for both symptomatic and asymptomatic lens wearers. Wang et al. used UHR-OCT to determine whether the changes in tear meniscus volume can be precisely evaluated after dry eye treatment with Restasis. 27 The results showed that UHR-OCT is a promising tool for tracking the efficacy of dry eye treatment. In a recent study (unpublished data), Li et al. used UHR-OCT to determine the tear meniscus volume during a typical 8-hour work day in patients with dry eye and healthy controls. This demonstrated its value in determining the fluctuation of tear volume throughout the day.
EVALuATinG ConTACT LEnS FiTTinG
UHR-OCT is a promising method for evaluating contact lens fitting because the configuration of the lens edge can be precisely imaged 24 and the indentation where it sits on the ocular surface evaluated (Fig. 4) . 20, 46 In addition to these applications, lens movement and centration can be imaged. The PoLTF and the touch points underneath the lens imaged with UHR-OCT can help model the fit relationship between the lens and ocular surface. Using the information obtained with OCT, the prediction of lens mismatch with the ocular surface where too much pressure or too many pressure points may exist can be tested. 73 Lens movement is an important part in the dynamic evaluation of contact lens fitting and is critical in maintaining ocular health and comfort. 74 Tear ex- change underneath the lens and the removal of debris and cells are facilitated by proper lens movement. 75, 76 Movement of the lens is attributable to two different factors: the contact lens itself and the contour of eye. In a study using UHR-OCT, 77 Cui et al. tracked the movement of the lens edge during blinking (Fig. 5) . The lens footprint at the vertical meridian showed a little lowering of the lens at the beginning of the blink and a lifting of the lens after the blink. This indicates that the upper eyelid pushed the contact lens downward when it descended, followed by an upward movement as the eyelid began to open. The authors found that lenses with a high modulus 78 of elasticity and rounded edge showed more movement than lenses with a low modulus and angled edge. Less movement in the lenses with a low modulus might be attributed to the thin PoLTF that results from the deformation and adherence to the ocular surface of these lenses.
The footprint of the lens movement, measured in micrometers, can provide additional information on movement velocity and amount. The velocity and distance of movement might be good indicators of lens fitting, which in turn may be correlated with ocular comfort. The tightness of lens fitting may also be tested by the push-up test, which uses a finger to push the lens up for testing (Fig. 6) . Lens centration, which indicates the matching of the lens and ocular surface, is another important parameter of contact lens fitting. Lenses with a painted pupil/iris or a fiducial mark 73 can be imaged by UHR-OCT to assess centration and fitting characteristics (Fig. 7) .
uLTRA-HiGH RESoLuTion iMAGinG oF THE CoRnEA
With high resolution and high speed, UHR-OCT is suitable to image the cornea, including the epithelium, 79 Bowman's layer, 20 and the endothelium. 28 Corneal swelling during contact lens wear is an important indicator of corneal hypoxia underneath the lens, especially for overnight lens wear. Hutchings et al. used UHR-OCT to examine corneal swelling after lens wear with eye closure. 79 Each layer of the cornea, including the endothelial-Descemet's membrane complex, was measured. Using UHR-OCT to precisely track the changes in thickness may help us understand corneal metabolic function and hydration state in response to lens wear. With new lens materials such as silicone hydrogel lenses, the level of swelling is minimal. Using optical and ultrasonic pachymeters 80 may not be able to track the minimal swelling, and UHR-OCT may be the best tool for this purpose. UHR-OCT also has been used to study corneal hydration, 81 incision of clear cut, 82 and eye bank eyes. 83, 84 In addition to the measurement of epithelial thickness at the central location of the cornea, the thickness profile of the entire cornea may be evaluated using UHR-OCT. This could be especially useful for detecting keratoconus and changes from corneal procedures, such as orthokeratology and laser-assisted in situ keratomileusis (LASIK). Due to the limited scan depth of current UHR-OCT instruments, only the central region of the cornea can be imaged for creating the thickness map. Alternatively, the thickness profiles of the epithelium can be imaged part by part as done previously with TD-OCT 85 and optical pachometry. 86 In an unpublished study, we used UHR-OCT to scan the epithelium at the center and periphery at the vertical and horizontal meridians to evaluate topographical thickness of epithelium from limbus to limbus (Fig. 8) . High quality OCT images of the epithelium demonstrated that the epithelial profile was not uniform. The thinnest point was at the center, and then it increased gradually to the mid-periphery and periphery along the horizontal meridian. Along the vertical meridian, the epithelium was thinnest at the edge of Bowman's layer in the superior region. It increased in thickness toward the center, reaching the thickest point in the inferior pericentral region.
in ViVo iMAGinG oF CoRnEAL PATHoLoGY: RoLE in diAGnoSiS And TREATMEnT
UHR-OCT has proved to be of great assistance in the diagnosis and management of various corneal diseases. 31, [51] [52] [53] [87] [88] [89] [90] The use of this novel imaging technology has overcome limitations of some traditional diagnostic techniques and allowed for in vivo, noninvasive, morphologic analysis of the cornea. Using a UHR-OCT prototype, Shousha et al. 28 described the in vivo thickness of Descemet's membrane and its characteristics in patients with Fuchs' dystrophy. They also demonstrated the unique ability of UHR-OCT to develop diagnostic imagery for corneal dystrophy (Fig. 9) . In another study, they compared the use of that novel diagnostic technique to endothelial cell count measurements obtained by specular microscopy, the current gold standard methodology. 89 That study demonstrated that UHR-OCT was significantly more successful in describing the disease than specular microscopy.
Conjunctival and corneal intraepithelial neoplasia is the most common ocular surface neoplasia and early diagnosis is important. Shousha et al. 87 have shown that UHR-OCT can provide an objective and a sensitive means to diagnose and manage conjunctival and corneal intraepithelial neoplasia (Fig. 10) . Thanks to the ultra-high resolution images, UHR-OCT can detect subtle conjunctival and corneal intraepithelial neoplasia and identify residual subclinical disease in the course of medical treatment. This technology provides the possibility of an "optical biopsy," without the limitations of slit-lamp examination, impression cytology, or incisional biopsy.
Mutapcic et al. 88 evaluated the clinical applications of UHR-OCT in examination, diagnosis, and management of various anterior corneal dystrophies and degenerations (Fig. 11) . They demonstrated the ability of UHR-OCT to non-invasively determine the depth and extent of pathology, which allowed for better clinical and surgical management. Their study revealed significant correlation between UHR-OCT images and histopathological specimens, proving that UHR-OCT provides an accurate "optical biopsy" that assists the diagnosis and management of various corneal pathologies.
In the past 3 years, we have also used the UHR-OCT to evaluate the ocular surface of all patients seen at the Ocular Surface and Inflammation Service at the Bascom Palmer Eye Institute. Using the anterior segment UHR-OCT to evaluate the ocular surface has become a critical tool to diagnose and monitor responses to therapies of diseases of the cornea (Fig. 12) . A major advantage of this image modality is the power of allowing the evaluation of the corneal surface with a resolution of 3 µm, giving us the advantage of making an in vivo "microscopic" evaluation of the different structures of the cornea. Moreover, this analysis and images are obtained at the slit lamp, in a non-invasive fashion with a fast acquisition time of less than 5 seconds. This gives us the opportunity to evaluate patients with discomfort who otherwise would be difficult to image. Furthermore, our ability to quantify data obtained from the UHR-OCT images allows us to objec- tively follow trends and novel observations in disorders of the cornea such as dry eye syndrome, meibomian gland dysfunction, corneal graft rejection, and endothelial dystrophies. As the resolution of this imaging modality continues to improve, we expect to continue to improve our ability to make "in vivo histological" analysis of ocular surface disorders.
REFRACTiVE SuRGERY
SD-OCT has been used to create pachymetric mapping, 91 visualize LASIK flap displacement, 91 and calculate corneal power. 92 UHR-OCT imaging gives us the ability to visualize in vivo morphology of the cornea in the clinical practice of refractive surgery. There are two important functions of this novel imaging system. First, it allows us to measure the thickness of the cornea. Second, it makes possible non-invasive histological sampling, which is similar to a living biopsy. This gives us the opportunity to demonstrate unique properties of all clinical conditions involving structural changes in the cornea. 52 One of the most interesting clinical applications of UHR-OCT is its use in femtosecond-assisted LASIK (FS-LASIK) surgery. Because UHR-OCT is a non-invasive imaging technique, it can be performed at all stages of FS-LASIK surgery. It can be used to analyze the structure and the integrity of the corneal flap, which can help the surgeon minimize intraoperative flap-related complications. It can also be used to analyze the morphology of some of the other intraoperative phenomena seen during FS-LASIK. We have analyzed the in vivo structure of the opaque bubble layer with this novel imaging system. 53 We have demonstrated that the opaque bubble layer located above the flap interface was a sign of a partially dissected flap and a con- traindication to flap lifting. The opaque bubble layer located above the flap interface resulted in unsuccessful flap lifting in two patients (Fig. 13) . We also have used ultra-high-resolution OCT to confirm flap integrity in a patient with suction loss during FS-LASIK (Fig.  14) . After suction break, the suction was reapplied and the femtosecond laser cut was completed. We have performed UHR-OCT imaging before flap lifting and demonstrated that the flap structure was normal. Flap lifting was uneventful in this patient. UHR-OCT can also be used to understand wound structure and wound healing after refractive surgery. We have observed residual epithelium penetrating into the LASIK flap side-cut in a patient with an epithelial defect. This resulted in peripheral flap melt on postoperative follow-up.
Subsequently, we investigated flap side-cut structure with UHR-OCT. This pilot study included 22 eyes of 15 patients who underwent uneventful FS-LASIK. We scanned the patients at postoperative day 1 and our results suggested that none of the patients had similar epithelial cells in the side-cut that we had observed in our case with LASIK flap melt. Although our results need to be confirmed with a larger study group, our preliminary results suggest that residual epithelium at the LASIK side-cut may be responsible for the development of epithelial ingrowth and flap melt (Fig. 15) .
UHR-OCT also helps us to document the in vivo morphology of the cornea after refractive surgery similar to a living biopsy. This novel technique gives us new information about the pathogenesis of complications and wound healing after refractive surgery. UHR-OCT has the potential to be used as a tool to prevent flaprelated complications in FS-LASIK. Further studies are needed to confirm these new clinical applications of UHR-OCT in refractive surgery.
FuTuRE diRECTionS
UHR-OCT of the anterior segment enables us to image the tear film, detailed layers in the cornea of normal subjects, and patients with various anterior seg- ment diseases. The technique enables taking an "optical biopsy" of anterior segment pathology and a clear image of tear and contact lens dynamics. In the near future, we will move toward developing higher resolution instruments for improving imagery of the tear film. Currently, resolution below 2 µm is feasible by using a light source with a bandwidth of more than 180 nm. Improving lateral resolution may be another way to visualize structures at the cellular level, as demonstrated in a full-field OCT that can resolve epithelial cells. 31 In the contact lens field, lens movement and centration can be imaged with the modalities, and further modeling the lens interactions with the ocular surface may be possible. With further improvement of optical resolution, scan speed, and more robust image processing, UHR-OCT will have increasing applications for use in clinical care and in the laboratory for the anterior segment of the eye. 
